The translation elongation factor EF-Tu is a GTPase that delivers amino-acylated tRNAs to the ribosome during the elongation step of translation. EF-Tu/GDP is recycled by the guanine nucleotide exchange factor EF-Ts. Whereas EF-Ts is lacking in S. cerevisiae, both translation factors are found in S. pombe and H. sapiens mitochondria, consistent with the known similarity between fission yeast and human cell mitochondrial physiology. We constructed yeast mutants lacking these elongation factors. We show that mitochondrial translation is vital for S. pombe, as it is for human cells. In a genetic background allowing the loss of mitochondrial functions, a block in mitochondrial translation in S. pombe leads to a major depletion of mtDNA. The relationships between EF-Ts and EF-Tu from both yeasts and humans were investigated through functional complementation and coexpression experiments and by a search for suppressors of the absence of the S. pombe EF-Ts. We find that S. cerevisiae EF-Tu is functionally equivalent to the S. pombe EF-Tu/EF-Ts couple. Point mutations in the S. pombe EF-Tu can render it independent of its exchange factor, thereby mimicking the situation in S. cerevisiae.
M
ITOCHONDRIA are organelles specialized in the translocation step after peptide bond formation and the production of energy via the respiratory is also involved in ribosome recycling, but is indepenchain, which is a series of enzymatic complexes of dual dent of an exchange factor. The budding yeast Saccharoorigin. Several of these complexes contain, in addition myces cerevisiae has EF-Tu and EF-G orthologs (Nagata to nuclear-encoded subunits, a few subunits encoded et al. 1983; Vambutas et al. 1991) , but an equivalent by the mitochondrial genome (mtDNA). The mtDNA of EF-Ts does not appear to be present, either as a also encodes all the RNAs (rRNAs and tRNAs), but at biochemical activity (Rosenthal and Bodley 1987) or most only one protein component of the mitochondrial as a homologous gene product. In Schizosaccharomyces translation machinery. Consequently, most of the ribopombe, the genome sequence predicts that all three facsomal proteins, factors involved in ribosome assembly, tors are present. tRNA synthetases, and general or specific translation
The fission yeast S. pombe is strikingly different from factors mediating the initiation, elongation, and termithe budding yeast S. cerevisiae, and in many respects nation steps of mitochondrial translation are encoded mimics human cells more closely than S. cerevisiae does in the nucleus, synthesized in the cytoplasm, and im- (Zhao and Lieberman 1995; Forsburg 1999) . This ported into mitochondria.
seems to be the case for various aspects of mitochondrial The elongation step of mitochondrial translation, physiology. Mitochondrial distribution depends on mibest documented in mammals, closely mimics the procrotubules in S. pombe, as in animal cells (Weir and karyotic system (see Spremulli et al. 2004) . Like its Yaffe 2004). Also, S. pombe is highly dependent on respiprokaryotic homolog, the mammalian EF-Tu GTPase ration and cannot survive the loss of mtDNA (rhoЊ muhydrolyzes a molecule of GTP each time an aminotants), unless specific nuclear mutations are present acylated tRNA is accommodated on the A site of the (Haffter and Fox 1992) ; in a similar way human cells ribosome, and its recycling depends on the exchange cannot lose their mtDNA except in cell cultures confactor EF-Ts. Another conserved GTPase, EF-G, catalyzes taining specific supplements (King and Attardi 1989) . The S. pombe mtDNA closely resembles that of humans: it is very compact (19 instead of 75 kb for S. cerevisiae) and has a similar organization, with low intron content, 1 with AvaI and MscI, with a PCR-amplified V146I tuf1Sp fraggeneral translation factors, as we were able to identify ment. The S. cerevisiae TUF1 gene (TUF1Sc), encoding EF-Tu Sc , the complete human set in S. pombe by homology searches.
was PCR amplified from genomic DNA and cloned in pFL61.
Messenger-specific factors required for initiation of
The genes encoding both human elongation factors were amtranslation in S. cerevisiae seem to be absent from both
plified from a cDNA library (Minet et al. 1992) to constitute phenotypic classes. At least one member from each class was crossed with a ⌬tsf1Sp::ade6 strain. All tested mutations segregated 2:2, some showing a linkage with the mating-type locus 293 kb away from tuf1Sp on chromosome MATERIALS AND METHODS 2. The tuf1Sp gene from these revertants and from others that had not been analyzed genetically was PCR amplified and fully Genetic techniques and strains: All strains are described in sequenced. Revertants with a wild-type tuf1Sp gene repre- Table 1 and were grown at 28Њ. Media and genetic methods sented at least two other complementation groups, but were for S. cerevisiae and S. pombe were as reported (Bonnefoy et not studied further. al. 1996 (Bonnefoy et not studied further. al. , 2000 . S. pombe asci were microdissected directly from S
35
-labeling and cytochrome spectra: Mitochondrial proteins the mixture of haploid, diploid, and sporulating cells. S. pombe were labeled by a 3-hr incubation of whole cells with [
35 S]methtransformation (Okazaki et al. 1990 ) was improved by (1) ionine in the presence of 6 mg/ml cycloheximide, which speusing single-strand salmon sperm DNA as a carrier, (2) regencifically blocks cytoplasmic translation. Samples were run on erating cells in complete liquid medium overnight, and (3) a 16% acrylamide-0.5% bisacrylamide SDS gel, and the dried plating the cells onto 5% glucose selective medium. Yeast gel was exposed for 2 months up to 1 year at Ϫ70Њ. Lowgenomic DNA was extracted as described (Hoffman and Wintemperature cytochrome spectra from S. pombe cell paste were ston 1987).
recorded using a Cary 400 spectrophotometer after addition Genomic library screening:
of sodium dithionite to fully reduce the cytochromes (Claisse was isolated in our lab by UV mutagenesis of the S. pombe et al. 1970) . The absorption maxima were 603, 560, 554, and strain Eg555 (a gift from R. Egel). A his3 derivative of ASD5 548 nm for cytochromes aa3, b, c1, and c, respectively. The S. (NB23-5B) was transformed with a pBG2-based genomic lipombe cytochrome c peak always shows a 544-nm shoulder that brary (Ohi et al. 1996) kindly provided by C. S. Hoffman. disappears in a cytochrome c mutant (N. Bonnefoy, unpubAmong [His ϩ ] clones, a single cosegregating [Gal ϩ ] colony lished results). was obtained and its plasmid analyzed. The 0.9-kb compleProtein analysis and antibodies: Mitochondria were purified menting ORF was PCR amplified from Eg555 and ASD5 genofrom S. pombe cells grown in complete mic DNA and the PCR products were sequenced.
or minimal glucose medium. Total yeast proteins were exGene disruptions: For deletion of the S. pombe tsf1 gene tracted from exponential cultures (Yaffe 1991). Samples were (tsf1Sp), the Bgl II HincII 734-bp internal fragment was rerun on 10 or 12% SDS-PAGE before Western blotting. Primary placed by either the 1.9-kb DraI ade6 gene (Bonnefoy et al. antibodies were anti-tetraHis: 1/1500, QIAGEN (Chatsworth, 2000; Figure 1B, three injections was diluted 5000-fold and specifically recogrecombination of the different constructs into strains NB205-nized one major 50-kD band present in purified mitochondrial 6A and NB34-21A were 245 and 1329 bp for tsf1Sp and 812 or total proteins from wild-type yeast but not from ⌬tuf1Sp and 283 bp for tuf1Sp at the 5Ј and 3Ј ends, respectively. A cells. ⌬tuf1Sc deletion was generated using a KanR PCR product with 50 bp of homology to TUF1Sc on each side. For all disruptions the integration was verified on both sides by PCR analysis. RESULTS Gene cloning and tagging: The tuf1Sp cDNA was amplified from an S. pombe cDNA library (Lollier et al. 1995) and cloned S. pombe cells lacking the mitochondrial translation in the S. cerevisiae expression vector pFL61. The very end of the elongation factor EF-Ts Sp are respiratory deficient but reading frame, fused to a two-glycine codon linker followed by the 6His-tag, was subcloned in the Escherichia coli pET3 vector viable: Previously we showed that S. pombe mutants defecand in the S. pombe expression vector pTG1754 (Bonnefoy et tive in respiratory chain biogenesis are unable to use al. 1996) and fully complemented the ⌬tuf1Sp mutant. A LEU2 either glycerol or galactose supplemented with 0.1% derivative of pTG1754 was constructed using a gap repair glucose as the sole carbon source (Bonnefoy et al. 1996, strategy (Kelly and Hoffman 2002) and used to express 2000) . We isolated a collection of [Gly
tuf1Sp. An intron-free V146I tuf1Sp plasmid was obtained in S. cerevisiae by gap repair of the pFL61 tuf1Sp plasmid digested after UV mutagenesis, one of which (ASD5) showed a The S. pombe strains NB9-932, NB205-6A, NB205-1A, and NB208-15B were generated through a series of crosses of our lab strains followed by tetrad dissection. The nature of the his3 allele from NB9-932 is unknown, whereas the his3⌬ allele in the three other strains was described (Ohi et al. 1996) and is derived from strain CHP731 (a gift of C. S. Hoffman). SP1 is the diploid resulting from the cross of NB208-15B and NB205-6A. ASD5 is a UV-induced tsf1Sp-1 point mutant derived from Eg555, and NB23-5B is a spore from the cross between ASD5 and NB9-932. NB220 and NB222 were generated by replacement of tsf1Sp by different markers genes in NB205-6A. SP3 and SP4 are derived from SP1 and NB34-21A, respectively, by disruption of tuf1Sp. SP4 contains low amounts of wild-type mtDNA (rho ϩd ). SP7 is a spore from the cross of NB220 with NB205-1A, whereas SP8 is the transient diploid from the cross of SP4 to SP7 transformed with pSC3, which carries the TUF1Sc gene. The S. cerevisiae strains are all from the W303 background. SC2 comes from the disruption of TUF1Sc into CW04, and SC5 was generated by crossing SC2 with W303-1B/A. spectral defect of the cytochromes b and a ϩ a3, belongdrial translation elongation factor EF-Ts (23% identity, 55% similarity, and 27% identity, and 61% similarity, ing to the complexes III and IV of the respiratory chain ( Figure 1A ). All tetrads from an ASD5-derived heterozyrespectively). Like the human protein, the predicted S. pombe protein contained an N-terminal extension typical gote showed a 2:2 cosegregation of the [Gal Ϫ ] and spectral phenotype ( Figure 1A ).
of mitochondrial targeting sequences ( Figure 2A ). Strikingly, no homolog of EF-Ts could be identified in the The [His Ϫ Gal Ϫ ] spore, NB23-5B, was transformed with a library of S. pombe genomic DNA (Ohi et al. 1996) .
S. cerevisiae genome by BLAST homology searches. Consistently, Rosenthal and Bodley (1987) could not find A plasmid carrying a 2.3-kb insert containing two entire open reading frames (ORFs) from chromosome 2 reany biochemical evidence for the presence of an exchange factor for the S. cerevisiae EF-Tu Sc , which was stored the growth of NB23-5B on galactose medium. Subcloning or disruption of the plasmid insert showed isolated almost 20 years ago (Myers et al. 1985) . To demonstrate that we had cloned the wild-type gene that the complementing gene was SPBC800.07c ( Figure  1B) . We have called this gene tsf1Sp, since its predicted mutated in the strain ASD5 and not a high-copy suppressor, we sequenced the tsf1Sp gene from ASD5 and the product is the only S. pombe protein showing substantial homology to both the E. coli and the human mitochonparent wild type. The mutant sequence contained an known as the EF-Ts signature sequence. The S. pombe and H. The original complementing fragment (line 1), as well as sapiens sequences were fused at the very beginning of these deletion (lines 2-4) or disruption (line 5) derivatives were signature sequences (arrows) to yield a chimera Ts Sp/Hs. introduced into NB23-5B. Transformants were patched on (B) ⌬tsf1Sp::KanR cells transformed with high-copy plasmids glucose medium and replica plated onto galactose plates. The producing Ts Sp or Ts Sp/Hs compared to an empty vector generic S. pombe ORF names are given at the top. Shaded were streaked onto complete ethanol glycerol medium. (C) boxes indicate ORFs, arrows show the gene orientations, and
The transformants from B were grown on either ethanol glycletters indicate restriction sites (S, SacI; H, HincII; B, Bgl II).
erol medium (Ts Sp, Ts Sp/Hs) or glucose (vector) before (C) The tsf1Sp gene nucleotide and deduced amino acid serecording cytochrome spectra. Peaks as in Figure 1A . quences in the wild-type (Eg555) and mutant (ASD5) strains are given in the vicinity of the mutation. Numbering refers to the start codon. (D) Mitochondrial translation products from a wild type (lane 1, Eg555) and two mutants (lane 2, tsf1Sp-1 and ASD5; had two additional adenine nucleotides inserted in the lane 3, Resp Ϫ , a respiratory mutant from our collection affected same stretch, restoring the reading frame by creating at a post-translational level) were radioactively labeled and sepaan additional lysine codon. We constructed disrupted rated by SDS-PAGE before phosphorimaging.
versions of the tsf1Sp gene that were phenotypically identical to ASD5 and yielded diploid cells unable to use galactose when crossed to ASD5. This confirmed that additional adenine in a stretch of nine A's ( Figure 1C ), resulting in a frameshift leading to a truncated 79-resithe gene mutated in strain ASD5 is indeed SPBC800.07c, encoding EF-Ts Sp , a homolog of the prokaryotic EF-Ts due product instead of the wild-type 299-amino-acid protein.
[Gal ϩ ] intragenic revertants of this mutation translation elongation factor, which would function in S. pombe mitochondria. fell into two classes. Strong revertants had recovered the wild-type sequence by deletion of one A; weak revertants
Mitochondrial translation products were labeled in mutant and wild-type strains with [S 35 ]methionine in the since one or the other of these complexes is required to generate the mitochondrial membrane potential espresence of cycloheximide, which blocks cytoplasmic translation. Mutation of tsf1Sp dramatically decreased sential for life. Thus, a stringent translational arrest in mitochondria is expected to have similar consequences the labeling of all mitochondrial translation products, whereas another respiratory mutant generated substanto the complete loss of mitochondrial DNA. Because mutations in two as-yet-uncharacterized genes, ptp1 and tial amounts of labeled proteins ( Figure 1D ). However, after a very long exposure, faint bands corresponding ptp2, allow S. pombe to tolerate the loss of its mtDNA (Haffter and Fox 1992; Chen and Clark-Walker 2000) , to the expected size for mitochondrial translation products were observed in the tsf1Sp mutant, suggesting that we reasoned that such mutants might also tolerate a complete block of mitochondrial translation. We used a low residual level of translation can still occur in mitochondria when tsf1Sp is mutated. These results support a haploid ptp1-1 strain as recipient for the tuf1Sp disruption and could indeed isolate ⌬tuf1Sp::KanR clones. the idea that the cloned gene indeed encodes a translation factor.
However, these cells not only were [Gal Ϫ ], but also grew very poorly on complete glucose plates and floculated The tsf1Sp gene encodes a functional homolog of human EF-Ts: To determine whether the sequence houpon growth in liquid glucose medium ( Figure 3A and data not shown). These phenotypes were reminiscent of mology between EF-Ts Sp and its human counterpart reflected a functional conservation, we tested whether the rhoЊ derivatives of the ptp mutants. There was a dramatic decrease in all cytochromes, as observed for rhoЊ cells human gene could complement the ⌬tsf1Sp mutant. Since human mitochondrial targeting sequences are not ( Figure 3B ). Thus, the consequences of a complete block of mitochondrial translation are similar to the always efficiently recognized by the yeast import machinery, we directly fused the first 42 residues of the fission effect of the loss of mtDNA, raising the question of the state of the mtDNA in the ⌬tuf1Sp mutants. yeast protein, specifying the targeting sequence, to residue 56 of the human protein ( Figure 2A ). This chimeric Mitochondrial DNA is drastically depleted when EFTu Sp is absent: For unknown reasons, S. cerevisiae cells human gene, controlled by the endogenous tsf1Sp promoter, was introduced into the ⌬tsf1Sp mutant and condefective in general mitochondrial translation, such as strains lacking EF-Tu Sc , rapidly accumulate deleted molferred strong growth on ethanol/glycerol, like the bona fide S. pombe tsf1Sp gene ( Figure 2B ). Similarly, both the ecules of mtDNA or even completely lose their mtDNA (Myers et al. 1985 ; Chen and Clark-Walker 2000; S. pombe and human gene restored wild-type cytochrome spectra ( Figure 2C ).
Contamine and Picard 2000).
To determine the fate of mtDNA in the absence of Thus, under our expression conditions, the human EF-Ts exchange factor is able to replace its S. pombe EF-Tu Sp , we first stained DNA molecules with DAPI in several independent ptp1-1 ⌬tuf1Sp transformants, but counterpart to give wild-type growth and cytochrome spectra, suggesting that it can interact efficiently with could detect only punctate structures characteristic of mtDNA in control strains (not shown). However, several the fission yeast EF-Tu Sp GTPase. In contrast, we found that a human EF-Tu protein fused to the S. pombe or S. mtDNA fragments could be amplified by PCR from whole genomic DNA of the ⌬tuf1Sp clones, suggesting cerevisiae EF-Tu targeting sequence and coproduced with its exchange factor could replace neither the S.
that at least some regions of mtDNA were still present. Southern blot analysis of genomic DNAs with the entire pombe nor the S. cerevisiae homolog, suggesting that the human EF-Tu factor might not be able to interact with S. pombe mtDNA as a probe showed that in the ⌬tuf1Sp clones, a dramatic mtDNA loss had occurred (lanes 3-6, the required partners to deliver amino-acylated tRNAs to yeast mitochondrial ribosomes. Figure 3C ), compared to the wild-type samples (lanes 2 and 7), which can eventually lead to a complete loss Absence of the EF-Tu Sp GTPase is lethal in S. pombe: Unlike the exchange factor EF-Ts, the GTPase EF-Tu is (lane 3), without producing detectable levels of rearranged mtDNA molecules. The depletion reflected a central player in translation, which seems ubiquitous in mitochondria. A deleted version of the tuf1Sp gene the state of a homogenous cell population since subclones obtained after streaking the ⌬tuf1Sp cells all conwas constructed on a plasmid using the G418 resistance marker and was tentatively integrated into both haploid tained low amounts of mtDNA. This 1-2% of residual mtDNA present in the ⌬tuf1Sp clones showed a strictly and diploid S. pombe strains. 3) protein fractions of this galactose-grown transformant were analyzed by Western blotting, using antibodies raised against the His-tag to detect EF-Tu Sp -6His or against the S. cerevisiae mitochondrial matrix enzyme Arg8p (Steele et al. 1996) . The bottom of the viability of ⌬tsf1Sp and the lethality of ⌬tuf1Sp mutants HindIII ura4 fragment (Grimm et al. 1988) . The blot hybridcould be that the GTPase EF-Tu Sp can still function ized to the complete mtDNA was exposed for either a few at a low level without its exchange factor. To test this days (right) or several weeks (left). HindIII digestion of wildhypothesis, we overproduced EF-Tu Sp . Overexpression type mtDNA gives 10 fragments of 4318, 4081, 3407, 2459, 2118, 1655, 1160, 134, 90, and The S. pombe Cox2 protein showed a similar pattern, suggesting that its synthesis was also increased as a consequence of EF-Tu Sp overproduction. Overexpression of with a LEU2 plasmid overexpressing tuf1Sp and the ura4 TUF1Sc plasmid was cured using 5-fluoroorotic acid. The resulting strain clearly showed weaker growth on galactose medium. Coproduction of the S. pombe or human exchange factors improved growth, up to the level of the transformant producing EF-Tu Sc alone ( Figure  5 ). These data are consistent with the idea that the S. cerevisiae GTPase functions independently of an exchange factor.
To do the equivalent experiment in S. cerevisiae, we partially replace its S. cerevisiae counterpart and functions more efficiently with its cognate exchange factor. Variants of EF-Tu Sp can become independent of an tuf1Sp compensates for the deletion of tsf1Sp (Figure exchange factor: To explain how closely related and 4C). Elevated levels of EF-Tu Sp probably sustain respirafunctionally homologous GTPases like the S. cerevisiae tory growth in the absence of EF-Ts Sp by increasing the and S. pombe EF-Tu factors could differ in their requireavailability of GTP-bound EF-Tu Sp . Thus EF-Tu Sp can ment for an exchange factor, we isolated suppressors function, although at a reduced level, in the absence able to compensate for the lack of S. pombe EF-Ts. Among of its exchange factor. By extension, the remaining low 34 suppressors analyzed, 27 contained a 1-bp substitu-EF-Tu Sp activity due to the endogenous copy of the tuf1Sp tion in the tuf1Sp reading frame, creating a singlegene probably ensures sufficient residual translation to amino-acid replacement. A total of 16 different tuf1Sp maintain viability of the ⌬tsf1Sp mutant but not growth suppressor mutations were recovered ( Figure 6A ). Fouron nonfermentable substrate.
teen of the mutations mapped into domain I of the EF-Tu Sc functions independently of an exchange fac-EF-Tu Sp factor, often in the vicinity of the nucleotidetor: The fact that tsf1Sp was partly dispensable when binding site; two mutations mapped into domain III in tuf1Sp was overexpressed may provide a key to undera region of close contact with domain I ( Figure 6B ). standing why S. cerevisiae is missing an EF-Ts exchange Since overexpression of tuf1Sp partially compensates factor. The TUF1Sc gene could be naturally more highly for the ⌬tsf1Sp mutation, we determined the level of expressed than its S. pombe counterpart. Alternatively, EF-Tu Sp in the suppressor strains. In the ⌬tsf1Sp mutant, the S. pombe and S. cerevisiae GTPases could have differwhich is the parental strain of the suppressors, EF-Tu Sp ent affinities for guanine nucleotides. It has been shown was nearly undetectable ( Figure 6C , lane 2). This sugthat EF-Tu Sc has a higher affinity for GTP than for GDP, gested that EF-Ts Sp might act as a chaperone of EF-Tu Sp , whereas the E. coli and Homo sapiens homologs, which as in E. coli (Krab et al. 2001) . In the three suppressor depend on an exchange factor, have a higher affinity strains, nearly wild-type (L354F and G168C) or even for GDP (Miller and Weissbach 1970 ; Rosenthal slightly higher than wild-type (V146I) levels of EF-Tu Sp and Bodley 1987; Cai et al. 2000) . The biochemical were restored ( Figure 6C ; compare lanes 3, 5, and 6 approach appeared difficult in S. pombe because EF-Tu Sp with lane 1), suggesting that the EF-Tu Sp variants carry aggregates, so we decided to use genetic strategies to a mutation that can stabilize them. However, EF-Tu Sp study the relationships between both factors. levels were dramatically higher in the tuf1Sp overexpresThe heterologous complementation experiment in S.
sion control ( Figure 6C , lane 4) whereas the Cox2 Sp / pombe was conducted by crossing a ptp1-1 ⌬tuf1Sp::KanR EF-Tu Sp ratio was at least 10-fold lower than that in the strain (SP4) to a ⌬tsf1Sp::ade6 mutant (SP7) The V146I variant gene was cloned in an S. cerevisiae and tuf1Sp at the same time ( Figure 5) . One of these expression plasmid and expressed in the S. cerevisiae ⌬tuf1 mutant ( Figure 6D ). The strong complementation segregants, carrying the ptp1-1 mutation, was transformed obtained clearly showed that the V146I EF-Tu Sp variant does not appear to be the case for EF-Tu Sc , as sequence had become independent of its exchange factor, even comparison of the EF-Tu factors from a number of orin a heterologous system. ganisms including S. cerevisiae and S. pombe could not highlight any obvious feature that could explain the autonomous recycling of EF-Tu Sc .
DISCUSSION
We determined that the S. pombe EF-Tu Sp is highly dependent upon its exchange factor, and thus this sysThe GTPase superfamily includes three types of tem offered a good opportunity to design a genetic GTPases: the small Rho-type G proteins, the heterotristrategy to understand the basis of EF-Ts factor loss in meric G proteins, and the translational GTPases. Apart S. cerevisiae. We found that various single-amino-acid from some of the translational GTPases, such as the substitutions could confer independence toward its exinitiation factor IF2, which delivers the initiator tRNA, change factor on EF-Tu Sp . Two nonexclusive hypotheses and the elongation factor EF-G, all depend on nucleocan be proposed for the mechanism of suppression: tide exchange factors. Unlike its E. coli, S. pombe, and the mutations could modify the activity of EF-Tu Sp or higher eukaryote homologs, the S. cerevisiae EF-Tu Sc also increase its stability. We have shown that overproduction seems to lack an exchange factor (Rosenthal and Bodof EF-Tu Sp can compensate for the absence of its exley 1987). Both IF2 and EF-G contain additional dochange factor, and suppressor effects of the overproducmains that could play a role as an intrinsic exchange factor (Aevarsson et al. 1994; Luchin et al. 1999) . This tion of EF-Tu-type GTPases have also been observed in S. cerevisiae either in the cytoplasmic system (Carrthe rest of the hemi-ascomycete branch. E. coli IF3 is a modulator of the initiation step of translation, which Schmid et al. 1999b) or in the mitochondrial tRNA discriminates between different types of messenger mutants (Rinaldi et al. 1997; Feuermann et al. 2003) .
RNAs, and its homolog might have a similar regulatory However, the suppressor mutations do not augment the role in human and fission yeast mitochondria. However, steady-state level of EF-Tu Sp enough to account for the in S. cerevisiae mitochondrial translation initiation is significantly increased Cox2 Sp synthesis. Thus we hypothcontrolled by messenger-specific activators, conserved esize that the main reason for the suppression is that mainly in closely related yeasts (Costanzo et al. 2000) ; the EF-Tu Sp variants have acquired or extended a new these messenger-specific activators may compensate for ability of self-exchange, e.g., decreased affinity for GDP the absence of IF3. Thus, the translation-factor losses and/or increased affinity for GTP.
in hemi-ascomycetes might reflect profound differences The nature and/or location of the suppressor mutain the way mitochondrial translation is regulated comtions indeed points toward a crucial role of nucleotide pared to other eukaryotes. binding in the suppression. Of 16 mutations, 14 are
In addition, our study has clearly shown that a comlocated in the GDP-binding domain I, mostly in close plete block of mitochondrial translation is lethal in wildproximity of the G-nucleotide-binding sites. Position 94 type S. pombe and leads to a major depletion of mtDNA (52 in E. coli) is located in one of the switch regions under conditions where viability can be maintained de- (Spremulli et al. 2004) , alanine 215 (174 in E. coli) is spite the translational block. Although S. cerevisiae strains directly part of the nucleotide-binding site (Song et al. with mitochondrial translational defects are viable, mul-1999), and aspartate 151 (155 in bovine) corresponds to tiple deletions accumulate readily when mitochondrial a position connected to GDP through water molecules translation is affected, and in general the extent of (Andersen et al. 2000) . Position 227 (G232 in bovine) mtDNA deletion production depends on the stringency has been proposed as a candidate to explain the weaker of the mutation (Myers et al. 1985) . The results we have nucleotide binding of mammalian compared to proobtained in S. pombe are reminiscent of results obtained karyotic EF-Tu (Andersen et al. 2000) . In addition, muwith human cells. When human cells in culture were tations in the nucleotide-binding site of the cytoplasmic treated with thiamphenicol, a drug that inhibits mitoeEF1A close to our mutant position 182 abolish the chondrial translation, their mtDNA remained intact exchange factor requirement (Carr-Schmid et al. (Selwood et al. 2001) . In cells from patients showing 1999a), and position 168 corresponds to a conserved a mitochondrial translation defect of nuclear origin, no glycine whose mutation decreases the preference for evidence of any large-scale rearrangement or mtDNA GDP over GTP in E. coli (Knudsen et al. 1995) . Finally, depletion was found (Sasarman et al. 2002) . Finally, the two last suppressor mutations in EF-Tu Sp domain III mutant hamster cells affected in mitochondrial translaare very close to domain I, according to both E. coli and tion showed intact mtDNA but with a 50% decrease bovine crystal structures (Song et al. 1999; Andersen et in the quantity of mtDNA (Au and Scheffler 1997) . al. 2000) , suggesting that they could alter domain I However, in all three cases, mitochondrial translation conformation to modulate nucleotide binding.
was probably not completely blocked. The physiological The subtle changes found in the EF-Tu Sp variants state of these cell cultures was thus probably more simicould make them functionally more similar to the EFlar to that of a ⌬tsf1Sp mutant, which does contain wildTu Sc or to other self-recycling GTPases like EF-G or IF2, type amount of intact mtDNA, than to that of a ⌬tuf1Sp which display greater affinity toward GTP than do bactemutant. This suggests that mitochondrial translation rial or human EF-Tu factors (Rosenthal and Bodley defects stringent enough to cause mtDNA depletion are 1987). This could explain why EF-Tu Sc does not seem probably unlikely to be found in humans, because they to require a separate exchange activity, despite the abmight correspond to drastic mutational events, not comsence of additional domains, and illustrates how the EFpatible with viability. Tu Sc gene could have evolved to allow the loss of the The fact that the mtDNA is intact in both sequence exchange factor EF-Ts without a drastic alteration in and quantity in the ⌬tsf1Sp mutant shows that S. pombe mitochondrial metabolism. Sequence searches revealed mtDNA maintenance needs only a very limited level (Gaillardin et al. 2000) that EF-Ts loss actually seems to of mitochondrial translation. The ⌬tsf1Sp mutant now extend to the whole branch of hemi-ascomycete yeasts.
provides the opportunity not only to analyze the relaSince G nucleotide exchange factors are known to pertionships between mtDNA metabolism and mitochonform an essential regulatory function in the GTPase drial translation, but also to study whether a dramatic cycle, hemi-ascomycetes might have developed another mitochondrial translation decrease affects steps of mtDNA regulatory mechanism to compensate for the absence expression such as mRNA transcription and stability. of EF-Ts. Another mitochondrial translation protein,
